This work assessed the energy potential and alternative usages of biogas and sludge generated in upflow anaerobic sludge blanket reactors at the Laboreaux sewage treatment plant (STP), Brazil. Two scenarios were considered: (i) priority use of biogas for the thermal drying of dehydrated sludge and the use of the excess biogas for electricity generation in an ICE (internal combustion engine); and (ii) priority use of biogas for electricity generation and the use of the heat of the engine exhaust gases for the thermal drying of the sludge. Scenario 1 showed that the electricity generated is able to supply 22.2% of the STP power demand, but the thermal drying process enables a greater reduction or even elimination of the final volume of sludge to be disposed. In Scenario 2, the electricity generated is able to supply 57.6% of the STP power demand; however, the heat in the exhaust gases is not enough to dry the total amount of dehydrated sludge.
INTRODUCTION
The increase in the number of domestic sewage treatment plants (STPs) using upflow anaerobic sludge blanket (UASB) reactors has increased the generation of biogas and sludge, which are byproducts of such a treatment process. In general, the final destination of sludge takes into consideration only alternatives which are locally available in the treatment units. The main alternatives for the final destination of the sludge in 2013, for the 27 countries of the European Union (EU), were agricultural use (19%), incineration (23%), sanitary landfill (4%), composting (14%) and other applications (40%) (EU ). This scenario has been changing in recent years, and the use of thermal processes for the management of sludge produced in STPs, for energy purposes, is estimated to double by 2020 in the oldest countries of the EU. This will correspond to around 37% of the final destination choices (Kelessidis & Stasinakis ) . Therefore, it is expected that the sludge, usually characterized as the type of residue that is disposed of in landfills, may become an energy source, demonstrating the change of paradigm regarding its final destination (Courtaud et al. ) . This scenario points to the tendency of using sludge to produce energy for STPs, even though studies in this area are still not very widespread (De Sena et al. ) .
The choice of more advantageous alternatives from the viewpoint of sludge management can guarantee the energy self-sufficiency of an STP, in addition to the possibility of exporting the excess electricity to the distribution network, depending on studies about the quality of the energy produced (Houdkova et al. ) . Fonts et al. () point out that the lower calorific value (LCV) of the anaerobically digested and dry sludge, with moisture content of 5.3%, is 7.7 MJ.kg À1 .
A similar tendency is observed for the management of the biogas produced in an STP, with respect to its use for energy purposes. The biogas from anaerobic reactors treating domestic sewage presents concentrations of methane (CH 4 ) from 70 to 80%, nitrogen (N 2 ) from 10 to 25% and carbon dioxide (CO 2 ) from 5 to 10%, whereas the high N 2 levels are due to the N 2 dissolved in the influent sewage prior to entering the reactors (Noyola et al. ). The calorific values of the CH 4 and of the biogas with 60% of CH 4 are 35.9 MJ.Nm À3 and 21.5 MJ.Nm À3 , respectively. In its composition, the biogas can also contain hydrogen sulfide (H 2 S) (1,000-2,000 ppm), which is corrosive to the materials of thermal equipment such as boilers, pipes and engines. According to Holm-Nielsen et al. () , an H 2 S content in biogas above 300-500 ppm may cause damage following the use of energy conversion techniques.
The use of biogas for energy purposes is still in early the stages in Brazil, where most sanitary landfills and wastewater (domestic and industrial) treatment plants only collect and burn the biogas, without making use of its energy potential. One of the main advantages of producing energy in STPs is the fact that such energy can be consumed at the plant, without the need of a distribution network (Tsagarakis ).
For Salomon & Lora () , the main advantages of electric energy production from biogas are: (i) decentralized energy generation near the consumer source; (ii) possibility of additional profit due to energy production and commercialization, depending on the rules of the regulatory system of the electricity market; (iii) reduction of consumption from an external energy supply; (iv) potential use in processes for the cogeneration of electricity and heat; and (v) reduction of the emissions of CH 4 , a greenhouse gas. Given a situation of serious concern towards the minimization of fossil fuel consumption and the increasing costs and energy demands for wastewater treatment, we highlight the importance of the current discussion with respect to design and operation, in order to maximize energy efficiency and reduce treatment costs (Metcalf & Eddy Inc. ). In this context, the objective of this paper is to contribute to the assessment of the energy potential of biogas and dehydrated sludge, and of alternatives for the energetic use of these byproducts at a domestic STP.
MATERIAL AND METHODS

Study area
The study was developed at the Laboreaux STP in Itabira, which is in the Brazilian state of Minas Gerais. The STP was designed to serve a future population of 123,000 people (313 L.s À1 ) by 2029 (final stage). The first stage, which is currently in operation, was designed for a population of 70,000 people (170 L.s À1 ), but during the study period only around half of the population was connected to the sewerage system. As a result, the mean observed incoming flow rate to the STP was well below the plant capacity, approximately 78 L.s À1 .
The STP consists of pretreatment units (grating and sand box) and anaerobic and aerobic biological treatment in sequence (UASB reactor, trickling filter and secondary clarifier). Table 1 presents the main characteristics of the Laboreaux STP. The biogas produced in the UASB reactors is currently burned in a flare. The sludge from the secondary clarifiers is returned to the UASB reactors, where it is thickened and stabilized; then it follows to the dehydration step in a filter press, and is finally disposed of in a sanitary landfill located in Itabira city. There are four drying beds in the plant, with a total area of 600 m 2 , which are used in case of operational problems with the filter press. Figure 1 shows a general view of the units at the Laboreaux STP. Figure 2 presents a flowchart of the stages of the sludge and biogas management in the STP.
Energy balance at the Laboreaux STP
The energy balance calculations correspond to the difference between the energy demand of the plant and the energy potential of the biogas and sludge byproducts. The energy demand is related to the power consumption in the plant, especially to maintain the sewage pumping stations (SPS) in operation. The energy potential is associated with the maximum energy that could be generated from the biogas. The dehydrated sludge from the filter press was considered inappropriate for energy purposes (due to excessive moisture content); in order to make it a potentially viable fuel option, we suggested its drying to a moisture content of 10%.
Energy demand at the Laboreaux STP
Nearly the entire energy demand at the Laboreaux STP is dedicated to the operation of two pumping stations (SPS-1 No. of pumps 04 04
Model Gresco X-T 10 Gresco X-T 10
Installed power (kW) 89.5 111.8 and SPS-2) at the entrance of the treatment plant. The first SPS pumps the raw sewage from the medium-sized bar grating to the sand retention box. The second SPS pumps the pretreated sewage to the flow distribution box, which feeds eight UASB reactors. Table 2 summarizes the main characteristics of the pumping stations in operation at the plant.
The energy demand at the Laboreaux STP was calculated from active consumption data provided by the Autonomous Service of Water and Wastewater -Itabira, for the period October 2010 to October 2011, considering all energy uses at the STP (lighting; administration and laboratory consumption; operation of the filter press, pumps and other equipments), as shown in Figure 3 . The mean power consumption at the STP during that period was 1,586 kWh.d À1 (5,709 MJ.d À1 ).
Energy potential of the Laboreaux STP byproducts
The energy potential of the Laboreaux STP corresponds to the sum of the energy potential of the byproducts obtained from the sewage treatment: sludge and biogas. Biogas production was assessed on a daily basis during the experimental period (October 2010-October 2011). The measurements were performed using a mass flow meter (Sierramodel 640S-FRQ-2734). For the evaluation of methane content, biogas samples were collected in duplicate using plastic syringes equipped with three-way valves Energy potential of the STP byproducts Global efficiency of the equipment to evaporate the water, considering losses by radiation and convection. c Relationship between the heat in the exhaust gases and the total fuel energy (biogas) consumed by the ICE, according to Arteaga (2010) .
at a point prior to the flare. Biogas characterization was performed by chromatography (Perkin Elmer TCD detector using helium as carrier gas and a carbowax packed column). Sludge production was quantified by weighing the transportation truck after loading each dehydrated sludge storage bucket, before shipping it to the sanitary landfill. Sludge characterization consisted of collection of three small dehydrated sludge plates from the filter press, which were macerated and mixed for the analyses of moisture, higher calorific value (HCV) and elemental and immediate composition. All analyses were performed in triplicate. Table 3 shows the parcels and respective equations for calculation of the STP energy potential. Results of biogas and sludge characterization are presented in Table 4 .
Integrated proposal for energy recovery using sludge and biogas
Two scenarios of energy use/recovery using sludge and biogas were considered in this study, as shown in Figure 4 . Table 4 presents the input data used for both scenarios, as determined by Rosa () , in order to estimate the mass and energy balances.
• Scenario 1: priority use of biogas in a combustion chamber to generate heat for the thermal drying of the dehydrated sludge; the excess biogas is used for the generation of electricity in an internal combustion engine (ICE). • Scenario 2: priority use of biogas in an ICE for the generation of electricity; the heat of the exhaust gases is used for the thermal drying of the sludge.
CHEMCAD ® software was used as a tool to simulate the combustion processes (direct burning of the biogas in a combustion chamber and in an ICE). For both scenarios, the biogas combustion was considered adiabatic, with complete oxidation of CH 4 and an O excess of 5% (λ ¼ 1.05). Other data considered in the simulations are presented in Table 5 .
RESULTS AND DISCUSSION
Alternatives of energy use from biogas and sludge
Scenario 1priority use of biogas for thermal drying of the sludge
The main objective in this scenario is to promote the thermal drying of the sludge using biogas as a heat source, and the use of the excess energy to generate electricity for the STP. Figure 5 presents the mass and energy balances for Scenario 1. It is possible to observe that the evaporation process demands 61.5% of the biogas flow produced in the STP, and the remaining 38.5% is used to generate electricity. In scenario 2, the ICE exhaust gases (500 W C) feed the dryer. Table 6 presents the energy balance for the scenario assessed, as well as relevant data of input and output conditions of the process.
Considering the total biogas energy potential (4,218 MJ.d À1 ) and a conversion yield of 30% by the power generator, the generated electric energy (1,265 MJ.d À1 ) is enough to supply 22.2% of the plant energy demand (5,709 MJ.d À1 ). The heat produced by the ICE can eventually satisfy other uses, but such a scenario was not considered in the proposed conception.
It is worth mentioning that the biogas yield at the Laboreaux STP (57.9 NL.m À3 wastewater) stayed within the range predicted by the model developed by Lobato et al. () , however, well below the mean value expected for a typical scenario considered in the model (85.6 9 NL.m À3 wastewater). This is an indication that losses of methane dissolved in the liquid effluent of the UASB reactors were high, possibly accounting for >40% of the whole methane produced but not recovered as useful biogas. If measures to recover part of the dissolved methane are taken, the energy balance of the plant can be significantly improved. The sludge with 10% of moisture content can be considered a potential fuel; however, its use requires additional mechanical processing (pelleting, briquetting). Since the demand for thermal energy in the STP is small, and the thermoelectric generation from dry sludge is not economically attractive, we consider that the best energetic use for this byproduct would be its supply to potential consumers of such type of fuel. Even though it generates little or no income (in case it is donated), its destination as a byproduct represents savings in the STP operation, due to reductions in costs of transport and final disposal in sanitary landfills.
Considering the dry sludge (10% of moisture content), the mass of material produced in the dryer would be 1,725 kg.d À1 , with an equivalent LCV (m.b.) of 4.36 MJ.kg À1 . This sludge could provide 7,519 MJ.d À1 in case it was used by a third party, which completely eliminates the amount of final effluent destined for a sanitary landfill. Table 7 presents the detail of the mass balance in the thermal drying of the sludge considering the burning of 240 m 3 .d À1 of biogas in the combustion chamber.
Scenario 2priority use of biogas for electricity generation
The main objective in scenario 2 ( Figure 6) is to produce electricity for the STP using all biogas produced in the UASB reactors, and then using the heat in the ICE exhaust gases for the thermal drying of the dehydrated sludge. Table 8 presents the details of the mass and energy balances. In this scenario, there is potential to generate 3,289 MJ.d À1 of electricity, which corresponds to a supply of 57.6% of the STP demand.
Considering that the energy in terms of heat contained in the exhaust gases (2,000 MJ.d À1 ) is not sufficient to evaporate all water from the dehydrated sludge (3,759 kg.d À1 ) and achieve the final moisture content of 10%, two alternatives were assessed. Namely, alternative 1: thermal drying of all sludge until a minimum possible moisture level; and alternative 2: thermal drying of a fraction of the sludge until 10% moisture content is achieved, and then sending the remaining dehydrated material (moisture content of 58.7%) to the sanitary landfill.
For alternative 1, the minimum possible moisture content is 52.7%, and this level was considered too high for the energy use of the sludge. Therefore, in this alternative, the dryer promotes the reduction of both mass and volume of the sludge destined for the landfill.
For alternative 2, the dryer is able to process 937 kg.d À1 of dehydrated sludge (24.9% of the amount produced in the filter press), and generates 430 kg.d À1 of dry sludge with 10% moisture content, that can be used as fuel. The remainder of the sludge (2.822 kg.d À1 ) is destined for the landfill.
Therefore, in terms of mass, alternative 1 corresponds to a reduction of 13.5% in the mass of sludge destined for the landfill; for alternative 2, such reduction is 24.9%. Considering the specific masses of 1,020 kg.m À3 and 1,050 kg.m À3 for the sludge moisture levels of 58.7% and 52.7%, respectively, there is a volume reduction of 15.9% for alternative 1 and 24.9% for alternative 2. The volume reduction is important due to the costs of transport and final disposal, which are proportional to mass and volume. Table 9 summarizes the energy balance for both scenarios.
Comparison of scenarios
The results show that scenario 1 presents a better performance of drying and conversion of sludge into an energetic byproduct, and can completely eliminate the generation of rejected material to be disposed in the landfill. However, it presents a lower percentage of electric energy supply. On the other hand, scenario 2 would be more attractive if improvement of the energy efficiency of the treatment plant is the main objective, since more than half of the electricity demand of the plant could be provided by using the biogas for cogeneration of heat and power in an ICE. As far as the sludge management is concerned, the choice between alternatives 1 and 2 would be subject to existing real demand for sludge use as fuel.
The final decision on which scenario is most attractive must be made after an economic analysis (analysis of the investment required for each configuration as well as the earned returns), which is beyond the scope of this study.
CONCLUSIONS
The systematic characterization of production and calorific value of the biogas and sludge produced in the Laboreaux STP, in Itabira, Minas Gerais, enabled the development of mass and energy balances which demonstrate the potential of using these sewage treatment byproducts as a renewable energy source, especially for the STP itself.
The sludge dehydrated in a filter press, if submitted to drying to improve its calorific value, can be used as fuel to supply other consumers in the region, as a substitute for firewood or coal. The biogas can be used at the STP. Scenario 1 presented in this study considers the use of biogas for the thermal drying of sludge up to a final moisture content of 10%, using the excess biogas to generate electricity in ICEs. Scenario 2 presented the total use of biogas for electricity generation and the amount of exhaust gases from the engine necessary to dry the sludge to the minimum possible moisture content.
The first scenario stands out due to the elimination of the need to send the sludge to the landfill, whereas the second scenario presents a high potential for electricity generation to supply the STP.
In general, the study of alternatives for the energy use of sewage treatment byproducts must take into account the needs and the reality of the plants. The mass and energy balances are essential for economic feasibility studies of energy use projects that can be considered technically viable for each STP, individually. 
